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Abstract. Chemical Entities of Biological Interest (ChEBI) is a database
and ontology that represents biochemical knowledge about small molecules.
Recent changes to the ontology have created new opportunities for au-
tomated reasoning with description logic, that have not previously been
fully exploited in Chemistry. These changes open up the possibility of
building an improved chemical semantic web, by making more use of
necessary and sufficient conditions, allowing reasoning about chemical
structure, highlighting ambiguous inconsistencies and improving align-
ment with the Gene Ontology (GO). This paper1 briefly discusses some
of the problems with reasoning over the current version of ChEBI, to
tackle these issues, and their potential solutions.
1 Introduction
Many new ontologies have been developed in recent years [46], inspired by the
success of the Gene Ontology (GO) [3] and with the aim of facilitating data
integration in both the chemical and life sciences [39]. This had led to the rapid
proliferation of ontologies on the semantic web, some of which compete and
overlap with each other in the knowledge they represent. The Open Biomedical
Ontologies (OBO) Foundry is attempting to overcome the problem of ontology
proliferation [39] by defining a set of principles for co-ordinated development2.
One intention is, that ontologies will be rigorously peer-reviewed in the same way
as traditional journal publications, enabling fewer, but hopefully higher quality
and better integrated ontologies to develop in the biomedical domain.
One such ontology, that is currently a candidate for inclusion in the foundry, is
Chemical Entities of Biological Interest (ChEBI) [13]. As the name suggests, this
ontology describes biologically interesting chemical entities. These include a wide
range of substances from penicillin (ChEBI:17334)3, caffeine (ChEBI:27732), co-
caine (ChEBI:27958) and adrenaline (ChEBI:33568), to steroids like cholesterol
1 This paper is an expanded version of a shorter workshop paper published at OWL:
Experiences and Directions (OWLED 2008) Fifth International Work-
shop, Karlsruhe, Germany, October 26-27, 2008 see http://www.webont.
org/owled/2008/
2 see http://www.obofoundry.org/crit.shtml
3 all entities in ChEBI referred to in this paper can be looked up suffixing identifiers
to a URI e.g. http://www.ebi.ac.uk/chebi/searchId.do?chebiId=CHEBI:17334
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(ChEBI:16113) and testosterone (ChEBI:17347), as well as simpler molecules
like water (ChEBI:15377) and carbon dioxide (ChEBI:16526). At the time of
writing, the latest release (version 47) contains 15 367 annotated entities in its
database.
Unlike other OBO ontologies [3], ChEBI has been developed using custom
tools [13] built on top of an Oracle database, rather than tools like OBO-Edit [11]
and Prote´ge´ [33]. Consequently, the ontology is exported to standard ontology
languages like the Web Ontology Language (OWL) [21] and OBO [16, 20], but
does not currently use deductive and automated reasoning using description logic
reasoners4 like Pellet [38] or FaCT++ [42]. Ongoing revisions to the ChEBI
ontology [7] have opened up opportunities for more extensive reasoning over
ChEBI in the future, but also raises some challenging problems which require
attention. This paper describes some of these problems, structured as follows:
Section 2 introduces and describes ChEBI in more detail. This is followed by a
discussion of some of the issues ChEBI currently faces in its maintenance and
development in section 3, which also outlines and discusses potential solutions.
Finally, section 4 draws some conclusions and points to future work.
2 Chemical Entities of Biological Interest
A full description of ChEBI is outside the scope of this paper, further details
can be found in [13] and on the ChEBI website5. Instead, this section introduces
basic concepts required for the rest of this paper, for readers who may not
be chemists or biochemists. There are many databases of chemical entities and
compounds, both private and public [32, 45], such as PubChem and chemspider.
com, a chemical search engine which indexes numerous public databases. What
makes ChEBI different from these, and other related projects is:
ChEBI is free and non-proprietary Nothing held in the ChEBI database
is proprietary or derived from a proprietary source that would limit its free
distribution and availability to anyone [13]. Note that many chemical entities
are the subject of patent claims [37] that prevent their free distribution.
ChEBI tracks provenance Every data item in the database is fully traceable
and explicitly referenced to the original source and version [13]
ChEBI is free without constraint The entirety of the data is available to
all without constraint as SQL table dumps, ASCII tables and XML etc [13]
Ontological ChEBI In addition to a relational database, the use of an on-
tology is a unique feature, that explicitly describes eight different types of
relations, each with a specified domain and range constraints [19]. See the
ChEBI user manual6 for details.
Orthogonal ChEBI ChEBI aims to be “orthogonal” [39] (non-overlapping) to
other ontologies developed by the OBO foundry but intends to align with
closely related ontologies, especially the Gene Ontology [3].
4 http://www.cs.man.ac.uk/∼sattler/reasoners.html
5 http://www.ebi.ac.uk/chebi
6 http://www.ebi.ac.uk/chebi/userManualForward.do
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Where appropriate, each molecular entity in ChEBI has several representa-
tions of its chemical structure, describing what atoms are connected and how.
The representations serialized in the OBO file are ASCII strings; the Simplified
Molecular Input Line Entry Specification (SMILES) [44] and the International
Chemical Identifier (InChI)7. As well as a string representation of structure,
ChEBI includes graphical representations shown in Figure 1, automatically gen-
erated from from MDL molfiles8.
(a) InChI String:
InChI=1/C9H8O4/c1-6(10)13-8-5-3-2-4-7(8)9(11)12/h2-5H,1H3,(H,11,12)/f/h11H
(b)
(c) SMILES String:
CC(=O)Oc1ccccc1C(O)=O
Fig. 1. Three different representations of the same entity, acetylsalicylic acid (more
widely known as Aspirin (ChEBI:17561)) in ChEBI: (a) InChI string, top (b) Graph-
ical representation, middle and (c) SMILES string, bottom. All representations are
generated automatically from chemical table files.
Since 2004, ChEBI has been manually curated by two full-time curators at
a steady (linear) rate of around 1 500 entries per curator per year, growing from
just under 3 000 entries in 2004 (Release 1) to more than 15 000 entries (Release
47) in 2008[12]. Some estimates of how many entities are “biologically interest-
ing” suggest up to 1 000 000 and possibly many more, PubChem for example
contains more than 38 million substances and 18 million unique structures [45].
This means that there is a lot of potential for ChEBI to grow, preferably at an in-
creased rate. This could be possible via the automation of routine and mundane
tasks leaving curators to do more skilled work [8, 23]. Having briefly introduced
ChEBI, the next section looks at some of the challenges and opportunities for
reasoning with the ChEBI ontology.
7 http://inchi.iupac.org/
8 http://en.wikipedia.org/wiki/Chemical table file
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3 Refining ChEBI
As with many ontologies, ChEBI has potential for refinement and improvement -
some of these issues have become apparent in the REFINE project, introduced in
section 3.2, others are more general. Where appropriate, solutions discussed here
that use the Web Ontology Language (OWL) are demonstrated with examples
using the Manchester syntax [18].
3.1 Necessary and Sufficient?
Currently, ChEBI defines all classes using necessary conditions, none are defined
using necessary and sufficient conditions, which limits the use of reasoning over
the ontology and means that many parent-child relations have to be maintained
manually, rather than automatically inferred by reasoners [19, 34]. So for ex-
ample, organic molecular entities (CHEBI:25700) are defined textually as
“a molecular entity that contains carbon”. The machine-understandable OWL
version of ChEBI9 defines this class as:
Class: OrganicMolecularEntity
SubClassOf:
MolecularEntity
This states that to be a member of the OrganicMolecularEntity class, there
is only one necessary (SubClassOf) condition, that the entity concerned is also
MolecularEntity, but unlike the textual definition makes no mention of carbon.
From this information, a reasoner will not be able to classify entities as subclasses
(or not) of OrganicMolecularEntity. Instead these links have to be asserted
manually by a curator. Currently, ChEBI asserts eight immediate “children” of
this class shown below:
carbon is part of organic molecular entities
elemental carbon is a organic molecular entities
heteroorganic entities is a organic molecular entities
organic cyclic compounds is a organic molecular entities
aliphatic compounds is a organic molecular entities
allenes is a organic molecular entities
cumulenes is a organic molecular entities
pseudohalogens is a organic molecular entities
Maintaining these parent-child links by hand is a tedious and error-prone
task. An alternative definition of Organic Molecular Entity that makes more use
of reasoning, by using necessary and sufficient (EquivalentTo) conditions would
be:
9 available from http://www.berkeleybop.org/ontologies/
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Class: OrganicMolecularEntity
EquivalentTo:
MolecularEntity
that hasPart some CarbonAtom and hasPart some HydrogenAtom
This would say more about what an OrganicMolecularEntity was, and would
allow a reasoner to infer and classify cholesterol and methane (ChEBI:16183) as
organic but carbon dioxide as inorganic, because although it contains carbon, it
does not have any hydrogen atoms. This is a fairly trivial example, but chem-
istry has many of these kinds of rules which could be encoded as “defined” rather
than “primitive” classes [19]. It has been noted that “most biologists agree that
there are very few strict rules in biology and that most rules have exceptions” [9]
and this often makes building biomedical ontologies challenging. Consequently,
many biomedical ontologies only use necessary conditions because necessary and
sufficient conditions contain statements that are too “strong” [6], and often in-
correct. Chemistry (and biochemistry) seems much more amenable to reasoning
than Biology, and defining classes using necessary and sufficient conditions that
can be usefully reasoned over. Early prototypes [26] have demonstrated how
to generate some of these conditions from existing data, rather than encoding
them manually. A more complex example of a defined class using carboxylic
esters (ChEBI:33308) is shown below (thanks to Colin Batchelor):
Class carboxylic esters
EquivalentTo:
MolecularEntity
that hasPart some EsterLinkage
Class EsterLinkage
EquivalentTo:
MolecularGroup
that hasPart some CarbonAtom
that hasDoubleBondWith some OxygenAtom AND
that hasSingleBondWith some OxygenAtom
that hasSingleBondWith some CarbonAtom
The first and second occurrence of CarbonAtom in the class description above
need to be declared to be the same individuals, not describable in OWL, see
section 3.3. Adding defined classes would make ChEBI easier to maintain, so
instead of asserting a multiple-inheritance hierarchy by hand, curators manage
a single-inheritance hierarchy, and let a reasoner infer the rest. Currently, this
is something the ChEBI developers plan to do in future releases10.
10 http://chebi.wiki.sourceforge.net/New+ChEBI+Ontology
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Another issue with scalability is the file sizes, the OWL version of the ChEBI
ontology is 60 MB in size. Even with the Java memory heap size increased11 from
the default, Prote´ge´ 4 still struggles to open ChEBI, and reasoners can be slow to
classify ChEBI. Text-editing software also struggles to manage a file of this size,
even with verbose XML syntax removed from the file. The standard solution this
problem is to modularise the ontology [35], though it is not obvious how ChEBI
could currently be broken down into smaller, more manageable modules.
3.2 Metabolism, alignment and ambiguity
A modular and orthogonal [39] ontology are essential requirements because
ChEBI is used to describe the components of biochemical pathways (series of re-
actions) and is not used only in isolation. So for example, glucose (ChEBI:17234)
is part of a pathway called glycolysis (GO:0006096) which involves several en-
tities described by both ChEBI and the Gene Ontology. Aligning these two
ontologies has been problematic [6, 5], because of the need for abductive rather
than deductive reasoning to identify non-alignments.
Working with metabolic models, the REFINE project12 has been using ChEBI
to “text mine” [1, 2] PubMed and other bibliographic databases using curated
models of a biochemical pathways from the biomodels database [27]. The aim
is to link these models, via text-mining, to the primary quantitive and qual-
itative evidence in the literature that a given reaction, or series of reactions,
actually exists. This is made possible through the use of ChEBI, which has been
used to annotate pathways in the biomodels database, however some models are
annotated inconsistently.
For example, a model describing glycolysis in yeast [41] contains a reference
to ChEBI:26055, an old identifier which redirects to ChEBI:44897 (Phosophe-
nolpyruvic acid) shown in Figure 2. Cross references from this ChEBI record refer
to KEGG [24] KEGG:C00074 (phosphoenolpyruvate) which then links back to
two different entities in ChEBI via annotations ChEBI:18021 (phosphoenolpyru-
vate) ChEBI:44897 (Phosophenolpyruvic acid)13. These kinds of contradictory
annotations are very common and it may be possible to highlight inconsistencies
through the use of functional properties in OWL [19], although this still leaves
their resolution unsolved.
3.3 Representing and Searching for Structures
The ability to search for chemical structures is an essential requirement for chem-
ical databases. Currently, ChEBI supports three methods (similarity, substruc-
ture and identity) using techniques that are well established in cheminformatics
[15]. A key requirement for searching is the ability to represent cyclic struc-
tures, such as benzene (ChEBI:16716) which has a “ring” structure, shown as
11 e.g. run with arguments: java -jar -Xmx500M -Xms500M protege-x.jar
12 REFINE project: http://dbkgroup.org/refine
13 see http://pod.cs.man.ac.uk/srp/infotech.mov for details
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ChEBI:
25065
ChEBI:
44897
KEGG:
C00074
redirects_to cross_references
cross_references
ChEBI:
18021
cross_references
PubChem
SID:3374
cross_references
Fig. 2. Inconsistent cross references imply all these identifiers theoretically refer to the
same entity, but in practice their names and InChI strings indicate otherwise.
part of Figure 1. This is a challenge for OWL, because most reasoners work by
constructing tree-like graphs [4], which do not always lend themselves to repre-
senting and reasoning about circular structures. However, description graphs [31]
and SWRL [22, 36] make this possible, and it would be an interesting exercise to
see if semantic techniques could improve on established methods[28]14. It may
even be the case that reasoning can succeed where conventional cheminformatics
has failed, due to the inherent problems of dealing with “semantically bleached
strings” (InChI’s).
4 Conclusions and Future work
With a few exceptions [29, 43, 14]15 previous attempts to build “chemical seman-
tic webs” [40, 10] have concentrated on the use RDF [21], rather than OWL, to
represent metadata, and have made little or no use of reasoning. This paper has
shown some of the potential and problems of reasoning with ChEBI to classify
and manage a substantial chemical ontology that hopefully get much bigger over
time. Any methods that help ChEBI to grow more rapidly, without compromis-
ing quality, are an important step forwards - especially if they can facilitate more
consistency and reasoning.
Reasoning has played an important role in the history of Chemistry. In 1869
a Russian chemist called Dmitrii Mendeleev noticed that when the chemical
elements were listed in order of their atomic weights, their properties repeated
in a series of periodic intervals [30, 17]. This became known as the “periodic law”
making the construction of the periodic table16 possible. The periodic table was
important for two reasons, firstly it classified elements into a manageable map
and secondly, it predicted (through inference) the existence and properties of
two elements, gallium (ChEBI:49631) and germanium (ChEBI:30441), before
they were discovered.
There are a couple of similarities, and one difference, between the periodic
table and using reasoning today for managing large databases of compounds.
Firstly, logic is the basis of organising the periodic table and can help to or-
ganise ChEBI in a more reasonable way. Secondly, reasoning could lead to the
14 http://www.daylight.com/dayhtml/doc/theory/theory.finger.html
15 see also http://ontology.dumontierlab.com
16 see http://www.ebi.ac.uk/chebi/periodicTableElementsForward.do
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discovery or prediction of new entities that may be of interest. The difference
is that instead of just over 100 elements, today’s challenge is to classify mil-
lions of chemical entities considered to be biologically interesting. It has already
been demonstrated that reasoning can help to organise massive classifications,
SNOMED in OWL for example[25], and it seems that ChEBI also has much
to gain from reasoning, although some challenges remain to make OWL more
appropriate for representing knowledge in biochemistry.
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